Toward expanding the population of potential BCI users to the many individuals with lateralized cortical stroke, we examined whether the cortical hemisphere controlling ongoing movements of the contralateral limb can simultaneously generate signals to control a BCI. A monkey was trained to perform a simultaneous BCI and manual control task designed to test whether one hemisphere could effectively differentiate its output and provide independent control of two tasks. Pairs of well-isolated single units were used to control a BCI cursor in one dimension, while isometric wrist torque of the contralateral forelimb controlled the cursor in a second dimension. The monkey could independently modulate cortical units and contralateral wrist torque regardless of the strength of directional tuning of the units controlling the BCI. When the presented targets required explicit decoupling of unit activity and wrist torque, directionally tuned units exhibited significantly less efficient cursor trajectories compared to when unit activity and wrist torque could remain correlated. The results indicate that neural activity from a single hemisphere can be effectively decoupled to simultaneously control a BCI and ongoing limb movement, suggesting that BCIs may be a viable future treatment for individuals with lateralized cortical stroke.
Introduction
Brain-computer interfaces (BCIs) have tremendous potential for improving quality of life for individuals with nervous system injury or degeneration. BCIs have advanced from proof-of-concept animal studies showing that neural activity can control biofeedback meter arms [1] , computer cursors, [2] [3] [4] robotic arms [5, 6] and muscle stimulation [7] [8] [9] to first-in-human studies for individuals with cervical spinal cord injury, brainstem stroke, and spinocerebellar degeneration resulting in paralysis of both hands and arms. [10] [11] [12] [13] With only a few exceptions, [14, 15] BCI studies have utilized neural signals primarily recorded from contralateral cortex for control of robotic arms, computer cursors, or muscle stimulation. BCI technology will benefit a broader population of individuals with motor impairments if it can provide control over paralyzed limbs even if the cortical area which normally controls those movements is damaged, for example, by stroke or traumatic brain injury. In the United States alone, approximately 692,000 ischemic strokes occur each year, [16] and the majority of these involve damage to only a single hemisphere. [17] Following damage to a single hemisphere, it may be possible to record activity from the undamaged hemisphere and use a BCI to restore control of the paralyzed or paretic limb. In this case control would be derived from the hemisphere ipsilateral to the paralyzed limb. A small subset (<10%) of neurons in motor and pre-motor cortical areas represent ipsilateral arm movements, [18] [19] [20] with somewhat greater representation during bi-manual tasks. [21, 22] The challenge in implementing a BCI for a patient with cortical damage is that the remaining hemisphere must now provide control over two arms simultaneously and often independently. Thus, the motor areas of this remaining hemisphere must effectively differentiate their output to control both the intact contralateral limb and the ipsilateral limb controlled via the BCI.
This study was designed to determine the optimal tuning of isolated single units for BCI control when the same cortical area must simultaneously and independently control the contralateral limb. We tested the hypothesis that untuned units could most readily decouple from ongoing limb movements and therefore provide the greatest performance in this dual control (limb + BCI) task.
Arbitrary and untuned cortical units can readily be trained to control a BCI, [7, [22] [23] [24] and may present an advantage, as they are already somewhat independent of ongoing contralateral limb movements. Conversely, directionally tuned units are typically used in decoders to control BCIs, and can demonstrate some independence from ongoing limb movement. [2, 4] Here we describe a case study in which a monkey simultaneously controlled a BCI and the contralateral limb in a two degrees-of-freedom combined BCI and manual control task. The task was designed to test the independence of brain activity and contralateral limb movement. During each session, we deliberately selected pairs of well isolated units with similar correlations to contralateral limb movement for BCI control. We then compared the performance of directionally tuned and untuned neurons during this task that required dissociation of neural activity from ongoing limb movement.
Materials and methods
One male Macaca nemestrina monkey participated in the experiments. The experiments were approved by the University of Washington Institutional Animal Care and Use Committee. All procedures conformed to the National Institutes of Health 'Guide for the Care and Use of Laboratory Animals. ' Sterile surgery was performed with the animal under 1-1.5% isoflurane anesthesia (50:50 O 2 :N 2 O). A program of analgesics (buprenorphine 0.15 mg kg −1 IM and ketoprofen 5 mg kg −1 PO) and antibiotics (cephalexin 25 mg kg −1 PO) was given postoperatively. The monkey was implanted with two 96-channel microelectrode arrays (Blackrock Microsystems, Salt Lake City, UT), bilaterally in motor cortex using the pneumatic insertion technique. [25, 26] Electrodes were placed over hand and wrist area of the primary motor cortex, on the precentral gyrus and as close as possible to the line extending from the genu of the arcuate sulcus posteriorly to the central sulcus. All data reported here were obtained from the microelectrode array located in the left hemisphere.
The experiment was conducted in a primate behavior booth with a computer monitor (30 cm × 23 cm), tones for audio feedback and a computer-controlled feeder dispensing apple sauce as a reward. The animal's right arm, contralateral to the monitored recording array, was comfortably restrained in a custom 2-DOF isometric manipulandum.
Behavioral tasks
At the beginning of each session, the monkey was presented with a manual control task: a 2D cursor position task in which isometric wrist torque determined cursor position ( Figure 1A ). During this manual control, unit responses were recorded and pairs of units were selected for inclusion in the subsequent BCI tasks on the basis of observed correlations with wrist torque production and modulation depth ( Figure 1B ). For all experiments, units used for control were selected from the hemisphere contralateral to arm movement. We restricted our analysis of single units to those with a mean firing rate above 5 Hz. The firing rates were first smoothed with a truncated Gaussian kernel (σ = 100 ms) and the torque signals were similarly filtered to reduce latency shifts. We calculated the covariance of spike trains and each of the two torque signals, flexion/extension and radial/ulnar torque, over the range of ± 90 s. Covariance was further normalized against spike auto-covariance and the peak correlation was determined. Maximum time shift for admissible peaks was 1s. Tuning strength was calculated as the height of the cross-correlation peak, with a typical range of 0-10.
Experiments were performed with 82 pairs of cortical units. Each pair of units had approximately opposite preferred directions, and were matched for firing rate and tuning strength; the average difference of tuning strength between each of the pairs of units was 1.6 ± 1.36 (mean ± SD), and the difference of firing rates was 5.86 ± 5.51 Hz. The experimenter deliberately selected pairs of units with similar tuning strength for each session, with the goal of exploring the entire range of tuning strength across all days of the experiment. For units with tuning strength greater than 5, each unit's preferred direction was obvious and the experimenter selected a pair of units with opposite direction for those sessions. This resulted in 44 pairs of 'tuned' units. When tuning strength was less than 5, preferred directions were less obvious, and for the least tuned units the experimenter had to randomly assign a preferred direction to each unit (see Figure 1 ). This resulted in 38 pairs of 'untuned' units. Offline analysis confirmed that dividing units into 'tuned' and 'untuned' groups based on tuning strength ranging from 4.2 to 5.8 did not affect the results presented below.
The monkey was then required to serially perform two BCI tasks. In the 'brain control' task, neural modulation of two single units was mapped to control the velocity of a cursor moving in one dimension ( Figure 1C ). Each unit contributed to positive cursor velocity in the direction most closely aligned with its preferred direction. As described above, pairs of tuned units were selected with approximately opposite preferred directions. Thus, the contribution of one of the tuned units' activity was subtracted from the other to determine the cursor velocity. Since untuned units do not exhibit clear preferred directions, activities from half of the untuned unit pairs were subtracted (n = 19), whereas the remainder were added to control the cursor. The BCI decoding algorithm was based on a population vector mapping. [27] The algorithm and behavioral tasks were implemented in LabVIEW software (National Instruments), and operated at a sampling rate of 60 Hz.
Subsequently, the 'dual control' task was implemented to test whether the monkey was able to control two cursor dimensions independently when using neural activity derived from the same hemisphere ( Figure 1D ). We used the aggregate neural activity of two single units as described above to control the cursor in one dimension, and asked the monkey to independently control the second cursor dimension using isometric wrist torque generated by the contralateral arm.
Mappings of neural activity and wrist torque to cursor velocity were kept consistent across all tasks. In order to ensure decoupling from wrist torque, we rotated the visual feedback for neuron discharge rates on the screen. Therefore, during both brain control and dual control tasks, the unit activity moved the cursor in a direction orthogonal to each unit's preferred direction ( Figure 1C and D) .
Targets were presented at random positions on the screen, always appearing at least 7 cm away from the present cursor position. The target region was a circle with a radius of 1.8 cm for manual control trials and 2.8 cm for brain control trials. The monkey was required to move to and maintain the cursor center within the target radius for 1 s to receive a reward. A 0.5 s time-out was provided between trials, during which time the screen was blank. Target display refresh rate was 30 Hz. Targets remained on the screen for up to 40 s, or until acquired by the monkey.
Performance metrics
To quantify overall performance, we measured the rate of target acquisition during the peak performance as the maximum number of targets acquired in a 5-min period. The peak performance was compared among pairs of units with different tuning strengths, among the brain and dual control tasks, and to the performance during the initial 5 min of practice. Additionally, we analyzed the average amount of practice time the monkey needed for each group of units in order to achieve peak performance in the brain control and dual control tasks.
To provide additional insight into the quality of cursor control, we analyzed properties of the trajectory taken to the target. We assessed the average path The monkey first performed a manual wrist tracking task, while activity from each well-isolated unit was recorded. (B) Pairs of units were then chosen based on both modulation depth and activity correlated with wrist torque. We chose either directionally tuned units (case 1, blue and cyan) or units with little directional tuning (case 2, magenta and purple). Case 1 shows units tuned in the flexor (marked 'F') and extensor ('E') direction, but experiments were also performed with units tuned in the radial and ulnar direction (not shown). Case 2 shows untuned units where the direction of cursor velocity was arbitrarily assigned. (C) Visual feedback for unit discharge rates was rotated on the screen during all brain control trials so that the cursor moved in a direction orthogonal to each unit's preferred direction. This was done to ensure decoupling from wrist torque in the subsequent dual control task. First the monkey performed a 1D brain control task (C) where velocity of the cursor was determined by aggregate neural modulation of the two single units. Increasing discharge rate contributed to cursor velocity in the direction indicated by the arrows. Subsequently the monkey performed a dual control task (D) where 2D cursor velocity was determined by isometric wrist torque in one dimension (e.g., flexion-extension) and by the aggregate neural modulation of two single units in the other dimension (as in C).
efficiency -the shortest path to the target divided by the length of the actual path taken. [28] We further evaluated cursor control by applying four performance measures, previously adapted for a human BCI study [29] from original applications in computer interface design. [30] These measures evaluate the spatiotemporal properties of continuous movements and are capable of providing information on quality of interaction during a trial. We measured relevant aspects of cursor control and movement, including direction changes parallel and orthogonal to the direct path towards the target, movement variability, and error. In addition, we evaluated the two measures which McKenzie et al. [30] suggested as most relevant for throughput prediction: target re-entry and movement offset (Figure 2) .
Direction change measures how many times the cursor's path changed direction along the task axis, the straight line between the cursor and target when the target first appeared (Figure 2A ). This measure counts direction changes that are parallel to the task axis (movement direction change) or orthogonal to the task axis (orthogonal direction change) and is able to capture the straightness of the path and how consistently the cursor moves toward a target. Movement variability, error and offset are continuous calculated measures derived from the orthogonal distances of the cursor path sample points to the task axis, d i ( Figure 2B ). Movement variability is defined as the standard deviation in the distances d i from the mean as:
where d represents the mean distance of the sample points to the task axis and n represents the number of the cursor path samples from the starting point to the target. Movement error measures how much the cursor path deviates from the ideal straight line, and is defined as the average of d i , irrespective of whether the points are above or below the axis:
Movement offset is the average of distances d i , which takes into account the direction of offset and represents the tendency of the cursor to remain offset in a particular direction of the task axis during a movement:
Target re-entry counts the number of times the cursor reenters the target region after entering for the first time ( Figure 2C ).
Statistics
Values are reported as mean and standard deviation. Statistics were performed to analyze differences between the tasks and pairs of units following the Lilliefors test for normality. A Student's t-test was applied to normally distributed data sets, otherwise the Wilcoxon nonparametric rank sum test was used.
Results

Influence of unit directional tuning during brain and dual control tasks
The monkey was able to use all tested pairs of cortical units to control cursor movements, regardless of the directional tuning strength. Figure 3 shows the number of targets min −1 acquired during 'brain control' of a cursor (A) and 'dual control' of the contralateral hand and cursor (B). These points are plotted as a function of the average tuning strength for the pair of neurons controlling the cursor, measured during the preceding manual control task. Linear regressions reveal no relation between the peak performance at each task, quantified during a 5 min period, and tuning strength of the neurons used for control in either task (R 2 ≤ 0.02, p ≥ 0.18). Figure 3C ).
The monkey improved performance in both tasks regardless of the directional tuning of the units selected for cursor control (Figure 4) . The initial performance was very similar, regardless of the strength of directional tuning (p > 0.67) and the control task performed (p > 0.32). During the brain control task, the monkey significantly improved with practice compared to the initial performance when using both untuned units (p = 0.03) and directionally tuned units (p = 0.02). Compared to the brain control task, improvement in task performance was significantly greater during the dual control task performed with the untuned units (p = 0.01) and slightly greater (p = 0.057) when directionally tuned units were used. Control with both tuned and untuned units reached similar levels of peak performance in the brain control and dual control tasks (p = 0.98 and p = 0.94, respectively).
The monkey required similar amounts of practice to achieve peak performance using directionally tuned and untuned units in each task (p = 0.368 for brain control, p = 0.310 for dual control, Figure 5 ). The dual control task, however, required longer practice time, likely due to greater task complexity. Untuned units required 8.93 ± 4.06 min to reach peak performance in the dual control task compared to 3.78 ± 1.31 min for the brain control task (p = 0.003). Similarly, tuned units required 8.81 ± 3.73 min to reach peak performance in the dual control task compared to 2.29 ± 3.92 min for the brain control task (p = 0.008). The total practice duration with each pair of units averaged 16.03 ± 7.68 min for the brain control task and 32.15 ± 9.12 min for the dual control task.
Directionally tuned units exhibited a slightly higher average firing rate during the manual control task (18 ± 4 Hz) compared to untuned cells (15 ± 5 Hz; p < 0.001). Discharge rate variability, captured by the coefficient of variation of inter-spike intervals, was similar for both tuned (0.9 ± 0.25 Hz) and untuned units (0.9 ± 0.19 Hz; p = 0.65).
Cursor control trajectories as a function of target direction and unit directional tuning
We examined the possibility that the difficulty of the dual control task may not be the same in all directions. Figure 6 illustrates the path efficiency parameter used to investigate any asymmetries in cursor control. Examples of a relatively direct and efficient path and a very inefficient path are shown in Figure 6B .
In the case of directionally tuned units, targets presented in certain directions may be easier to acquire when they simply require a natural combination of discharge rate and wrist torque (e.g., a unit tuned toward wrist flexion and a target that requires simultaneous increases in discharge rate coupled with wrist flexion torque). Conversely, targets may be more difficult to acquire if they require decoupling of the discharge rate and torque. To quantify this potential difference, we defined two diagonals in the task workspace as 'easy' and 'hard' ( Figure 6C ). As might be expected, when the monkey was controlling the cursor using the untuned units, the path efficiency was not significantly different across diagonals (34 ± 13% and 36 ± 15%, for easy and hard diagonal, respectively, p = 0.40). When using directionally tuned units, however, the monkey acquired targets with significantly greater path efficiency in the 'easy' diagonal compared to the 'hard' diagonal (41 ± 12% versus 35 ± 15%, respectively, p = 0.04).
In order to further explore the differences in cursor control during the dual task, we quantified other relevant aspects of the path of cursor movement, including deviation from the desired trajectory and number of target reentries. Results are summarized in Table 1 . Figure 7A shows an example of cursor movements across easy and hard diagonals when the monkey was controlling directionally tuned units. The monkey had difficulty moving straight towards the target in the hard diagonal. Instead, he often deviated from the direct path along the hard diagonal and instead performed a set of indirect movements largely along the easy diagonal. This deviation from the straight-line path connecting the cursor starting position to the target position was quantified as the movement offset. The monkey exhibited greater movement offset when using tuned cells to direct the cursor toward targets appearing in the hard diagonal (5.8 ± 5%) compared to the easy diagonal (4.4 ± 4%; p = 0.03, Figure 7B ). There was no difference in movement offset based on target direction when untuned cells controlled the cursor (p = 0.66). In addition, other measures of the cursor movement related to the direction changes and deviation from a straight line were similar across movement directions for both the untuned and tuned units during the dual control task (p > 0.21).
Another indicator of efficient cursor control is the number of times the cursor must re-enter a target before successful acquisition. The monkey left and re-entered the target significantly more times prior to success when controlling untuned units (average of 1.04 ± 1.05 re-entries per correct target acquisition) compared to directionally tuned units (0.68 ± 0.72 re-entries; p = 0.008). There were no significant differences in re-entries between the easy and hard diagonals for either the untuned or tuned units (p > 0.19).
Discussion
The ability of a single hemisphere to differentiate its output may be required for BCI applications following stroke or traumatic brain injury. Here we explored the capacity of motor cortex in one hemisphere to simultaneously control a BCI and continue to move the contralateral hand. We tested whether directionally tuned or relatively untuned neurons could more readily be de-coupled from ongoing movements of the contralateral arm in this 'dual control' task.
In this case report, we show that the overall performance was similar when the monkey used either directionally tuned or untuned units to perform the dual control task requiring simultaneous hand movements. When performing the task using directionally tuned units, the monkey exhibited less-efficient cursor trajectories when moving toward targets that required explicit decoupling from ongoing movement of the contralateral hand. By contrast, the monkey re-entered the target more times when using untuned units to perform the task. When using both tuned and untuned units, the monkey required greater practice time to reach peak performance at the dual control task with ongoing hand movements compared to using the same units for brain control of a cursor alone. This may be partly explained by the fact that the brain control task utilized a single dimension, whereas the dual control task required acquiring targets in two dimensions.
Although overall performance of the dual control task did not depend on the strength of directional tuning, directionally tuned units exhibit poorer performance when required to decouple their activity from ongoing contralateral limb movements. When targets appeared in a direction that required tuned unit activity to be unnaturally dissociated from ongoing movements, the monkey exhibited lower path efficiency and cursor trajectories with greater movement offsets. In these cases, the monkey appeared to acquire targets by making a series of orthogonal movements which allowed the unit and arm activity to remain largely correlated (see Figure 7A) . Conversely, when the activity of directionally tuned units could remain 'naturally' correlated with arm movements, the monkey moved more directly to the target, resulting in better than average performance. Thus for directionally tuned units, performances at the easy and hard diagonals were offset, such that total performance was similar regardless of the strength of directional tuning during the dual task.
Performance was also independent of the strength of directional tuning for pairs of units used to control the one-dimensional brain control task. This finding is similar to previous studies from our group using small numbers of units to control a BCI task. While directionally tuned units performed significantly better in a simple one degree-offreedom BCI task, [7, 24] there was no difference between directionally tuned and untuned units when monkeys performed a more complex task of using unit activity to control functional stimulation of paralyzed muscles. [7] In all of these studies we explicitly trained small populations of one or two neurons to control the BCI task using operant conditioning. An alternative strategy to implementing a BCI for individuals with damage to motor areas of one hemisphere is to decode the intention to move the ipsilateral arm from populations of neurons. Monkeys can learn to control a BCI reflecting ipsilateral kinematics, although representations were more closely correlated with joint angles compared to hand position. [15] That same study also demonstrated that cortical field potentials (ECoG) recorded from human subjects contain representations of ipsilateral arm movement. Although these authors utilized EMG to exclude the possibility of mirror movements, it remains to be tested whether ongoing movement of the contralateral arm will interfere with decoding of ipsilateral activity from spike times or field potentials. The activity of the same neurons recorded from primary motor cortex can be strikingly different when monkeys perform bi-manual vs. unimanual tasks. [20, 22] and 'hard' diagonals during the dual control task (see Figure 6C ). When targets appeared along the easy diagonal (green arrow), the monkey moved the cursor in relatively straight paths towards the target (movement offset = 4% of screen dimension in this example). However, when targets appeared along the hard diagonal (orange arrow), the monkey combined movements largely along the easy diagonal to indirectly approach the target, which resulted in a larger movement offset (6.5%). (B) Movement offset during cursor control for all units tested in the dual control task. Untuned units control the cursor with equal movement offset when targets appear in either diagonal. Directionally tuned units control the cursor more directly toward targets in the easy diagonal compared to the hard diagonal (p = 0.03). Values in (B) are mean + SEM.
Recently, a brain-machine interface was used to provide independent control of two virtual arms in a bimanual task. [31] To accomplish this, many hundreds of units were recorded from frontal and parietal areas of both hemispheres, potentially limiting the application for users with brain injury. Monkeys can also learn to maintain an isometric force with the hand while controlling a BCI with a majority of units from the contralateral hemisphere. [32] Recordings from posterior parietal cortex within a single hemisphere yield information about bimanual or contralateral arm movements. [33, 34] . In a recent human trial, some units recorded from posterior parietal cortex demonstrated greater representation of movements of the ipsilateral arm, [35] providing another potential location for recording from a single hemisphere following stroke to control movement of the affected limb.
The most direct tests of the concept of using a single hemisphere to control a BCI following brain injuries have utilized non-invasive electroencephalography (EEG) recordings. Ang et al. [36] showed that EEG data recorded from both brain hemispheres could be used to detect motor imagery of the stroke-affected hand. The majority of participants (87%) were able to use motor imagery BCI after stroke. Bundy et al. [14] identified distinct signal features related to the ipsilateral arm recorded over the undamaged hemisphere in human subjects after stroke. Subjects were then able to control a single degree-of-freedom BCI using ipsilateral motor imagery. A parallel study of neurologically intact volunteers demonstrated that subjects could simultaneously control a hand motor imagery signal and contralateral hand movements to complete a two degree-of-freedom combined BCI and manual control task. [37] Similar to the present study, activity originating in a single hemisphere could be decoupled to achieve independent control of the hand and ongoing brain activity.
Perhaps the ultimate test of our approach of using ipsilateral activity to restore function following stroke is to use this cortical activity to control muscle stimulation and re-animate the ipsilateral arm. While initial experiments demonstrate this is possible, the key future test will be a bi-manual task, in order to determine whether a single hemisphere can effectively control both the natural, contralateral arm, as well as stimulation of the ipsilateral, paretic arm. As detailed below, experiments must also take into consideration how the damaged hemisphere will affect activity in the remaining brain regions used for BCI control. Limitations of the present study include the relatively short amount of practice permitted for each pair of units used in the BCI and dual control task. Although on average the monkey achieved peak performance early in each practice session (~5 of 15 min during brain control and 9 of 32 min during dual control), performance at these challenging tasks would probably continue to improve with prolonged practice. [38] Here we strategically chose to sample a large population of units with different degrees of directional tuning, rather than allowing prolonged practice with a smaller sample of units across many days.
A second limitation of this study was in providing visual feedback of unit activity. In order to create a task which explicitly required decoupling of unit activity and hand control, visual feedback of one of these control modalities must be rotated to achieve independent degrees of freedom on the monitor. Here we chose to preserve the relation between wrist torque and cursor movement, as the monkey was well-trained in the manual task. Therefore, visual feedback of unit activity was rotated 90 degrees, similar to previous BCI studies, [39] such that targets could be presented on orthogonal axes when requiring decoupling of unit and arm activity. Such rotation would not be required in future applications of re-animating the ipsilateral arm after brain injury because visual feedback of both arms will provide adequate information.
Finally, it is important to note that in this case study, both hemispheres of the monkey were intact. In individuals with lateralized cortical stroke, the excitability of the spared cortex is increased, presumably due to a decrease in transcollosal inhibition. [40, 41] In the future, it will be important to explicitly test the changes in neural activity in the unaffected hemisphere and demonstrate that observed decoupling is still possible. In order to expand this approach to benefit patients paralyzed by cortical stroke in motor areas, the described paradigm needs to be coordinated with residual motor functions. The observed differentiation must be verified in the context of different motor tasks (e.g., more degrees of freedom) and during the performance of various cognitive tasks that may potentially disrupt control.
Conclusions
In order to be economically viable, invasive BCIs may need to benefit a large clinical population such as individuals recovering from stroke or traumatic brain injury. In this case a single hemisphere may need to provide control over both the contralateral, unaffected arm as well as the ipsilateral, affected arm. Here we demonstrate that a monkey can learn to control the activity of single units in motor cortex independently of ongoing contralateral limb movements. This flexibility of cortical activity was underscored by the fact that final performance was equivalent whether units were strongly related to contralateral hand movement (i.e., directionally tuned), or relatively unrelated to hand movement. These findings demonstrate independent control of cortical activity and contralateral limb movement, a prerequisite for BCI technology development for individuals with brain injury.
